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Introduction
Emissions from ocean going vessels are a significant contributor to atmospheric aerosol pollution. Aerosol and other pollutants from ship emissions have adverse effects on human health and the environment (Corbett et al. 2007; Deniz and Durmusoglu 2008) . Large shipping ports, such as the Los Angeles and San Diego ports, are major pollution sources for their respective cities (Song 2014; Vutukuru and Dabdub 2008) . Alternative shipping fuels that reduce net carbon emissions, including hydrogenation-derived renewable diesel (HDRD), are being investigated to understand how these fuels will change the chemical composition of atmospheric particles compared to emissions from ultra low sulfur diesel (ULSD).
To understand what chemical components are contributed by different sources of atmospheric particles, ambient aerosol measurements have used positive matrix factorization (PMF) analysis of aerosol mass spectrometer (AMS) measurements to apportion the organic components of atmospheric aerosol to different types of sources (Huang et al. 2010; Lanz et al. 2007; Liu et al. 2012; Mohr et al. 2012) . Typical source-related factors identified by PMF of ambient AMS measurements include oxygenated organic aerosol (OOA), hydrocarbon-like organic aerosol (HOA), cooking organic aerosol (COA), and inorganic nitrate and sulfate (Allan et al. 2010; Zhang et al. 2005) . HOA categories may sometimes include both the primary emissions of vehicles (m/z 43, 57, 71) and cooking (m/z 41, 55, 69) sources, but when separately quantified COA has been found to contribute 17-34% of the primary organic aerosol (Allan et al. 2010; Mohr et al. 2012 ). Contributions from different particle sources have also been identified by k-means clustering of single-particle measurements from ambient studies (Friedman et al. 2009; Lee et al. 2015; Liu et al. 2013; Rebotier and Prather 2007) . While PMF is a powerful technique for determining the factors that contribute to the ensemble organic mass spectra, the k-means clustering analysis retains the number-based quantification by categorizing types of particles rather than splitting out the mass-based contributions to internal mixtures. Particle emissions from fuels derived from vegetable or animal oil feedstock are expected to have compositions with characteristics of both HOA and COA, but the specific chemical signatures of HDRD and ULSD for real-engine applications have not been investigated.
After emission into the atmosphere, the vapor and particle components of engine emissions continue to change due to dilution, cooling, and reactions in the atmosphere. The role of dilution and cooling on evaporating semivolatile components from particles has been characterized for fossil-fuel emissions (Robinson et al. 2010) , showing that a substantial fraction of organic compounds that initially condense in concentrated plumes can evaporate because of dilution. The oxidation of individual fuel components (Nakao et al. 2012; Odum et al. 1996; Ziemann 2011 ) and the effects of photochemical aging on mixtures of organic components emitted from diesel engines (Chirico et al. 2010; Gordon et al. 2014; Nakao et al. 2011; Sage et al. 2008 ) have been investigated in smog chamber studies. Chirico et al. (2010) found that organic aerosol particles that were directly emitted from diesel engines were dominated by hydrocarbon compounds. While the fraction of oxygenated compounds increased after 5 h of photooxidation, these oxygenated compounds still contained large carbon chains that contributed to the hydrocarbon signal. There is little information, however, on the effects of photochemical aging of ship diesel emissions in actual light, temperature, and relative humidity conditions at the diluted concentrations typical of the atmosphere.
This study investigates the organic aerosol composition of the fresh (or direct) and aged emissions from a marine vessel operated on HDRD and ULSD. The combination of spectroscopic and spectrometric analyses of organic composition provides the most detailed characterization to date of the the fuel-related differences in particle composition. The results also show the changes in chemical composition associated with photochemical formation of additional secondary components after emission into the atmosphere by comparing the freshly emitted plume to the tracked aged plume. The analysis employs PMF and clustering to statistically separate the chemical characteristics of the particles emitted by the different fuels. This investigation provides the most comprehensive analysis to date of the organic composition of ship emissions, including their composition-based size distributions and the single-particle types. Two companion papers summarize (1) emission factors of CO, NO x , number particle size distribution, and black carbon number and mass size distributions , and (2) reactive oxygen species formation and metal content of PM emissions ).
Methods
This work describes organic aerosol measurements of emissions from two sets of research cruises on the R/V Robert Gordon Sproul. The first set of detailed shipboard aerosol measurements was carried out from 29 September to 3 October in 2014 (2014 cruise). The second set of measurements was carried out from 4 to 7 September and from 26 to 28 September in 2015 (2015 cruise). These data are available at the UC San Diego library digital collections (Russell et al. 2016) . Simultaneous measurements of stack gases and particle size distributions are described by Betha et al. (2017) .
Vessel, engine, and fuel specifications
The R/V Sproul is a 355-ton, fixed-pitch twin-propeller oceanographic research vessel that has two main diesel engines and two auxiliary generators. The main diesel engine is a 2-stroke, 12-cylinder Detroit diesel 12V-149 engine. Two fuels, ultra low sulfur diesel (ULSD) and hydrogenation-derived renewable diesel (HDRD), were used to supply the diesel engines. The two fuels were kept in separate fuel tanks on the ship. To alternate between the two fuels, the valves on the fuel lines leading to the engine were switched. The fuel switch was performed in the evening and the engine was operated overnight to ensure the previous fuel was flushed from the fuel system before any engine cycle tests were conducted. The HDRD used in this study was NEXBTL, purchased from Neste Oil Corporation. Fuels were analyzed for C, H, O, and fatty acid methyl ester (FAME, COOR) content by Southwest Research Institute (San Antonio, TX, USA). Additional details about the engine and the fuel contents analysis results for both fuels are reported in Betha et al. (2017) .
Aerosol sampling van instrumentation
Aerosol emissions from the R/V Sproul were measured using a suite of real-time instruments and off-line filter analyses. The plume was sampled using an isokinetic inlet mounted on the sampling van. Sampled air was directed from the inlet to the suite of instruments housed in the van to measure the physicochemical properties of the plume aerosol. The chemical composition of the nonrefractory components of the particle phase was measured by a high resolution-time of flight-aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA, USA) after a PM 1 size-cut cyclone. Particles were also collected on Teflon filters after cyclone (PM 1 ) or impactor (PM 0.18 ) size cuts for off-line Fourier transform infrared (FTIR) spectroscopy. The CO 2 concentration measured at the sampling van was measured by a LI-840A CO 2 /H 2 O analyzer (LI-COR Environmental). Particle number concentration was measured by a condensation particle counter (CPC, model 3010, TSI Inc.). Additional instrumentation and measurements are reported by Betha et al. (2017) and Kuang et al. (2017) .
The details of the HR-ToF-AMS have been described previously (DeCarlo et al. 2006; Jayne et al. 2000) . The instrument was operated in two ion flight path modes. The shorter flight path (V-mode) provides better sensitivity at unit mass resolution (UMR), while the longer flight path (W-mode) provides sufficient mass spectral resolution (4300 at m/z 200) to determine empirical formulas of the ionized aerosol fragments. The fragmentation table coefficients used to estimate organic H 2 O C and CO C signals are those presented in Aiken et al. (2008) . The HR-ToF-AMS organic mass spectra were background subtracted to isolate the contribution of plume emissions. Background spectra were determined using an average of nonplume (marine ambient) conditions before and after plume sampling. The criteria for determining when sampling was considered to be inplume include an increase in CO 2 concentration above background (DCO 2 ) of 10 ppm and peak HR-ToF-AMS size distribution mass concentrations above 2 mg m ¡3 for fresh emissions. Organic aerosol during plume sampling was elevated above background by varying amounts based on engine speed, but generally the plume concentration was more than 2 mg m ¡3 above the background, which is why this value was used as the threshold. The average organic concentration for the aged plume was 0.75 mg m ¡3 . A peak size distribution concentration threshold of 0.5 mg m ¡3 was used for aged plume emissions as marine background was below that level. Due to the lack of sufficient measurements to quantify separately the differences expected in density and AMS collection efficiency (CE) for marine and plume aerosol particles, density and CE of 1.0 are reported in this study.
Characteristics of single particles were also investigated by the Event Trigger Single-Particle (ETSP) mode of the HR-ToF-AMS during the 2015 cruise. An event is defined as a single mass spectrum (MS) extraction or series of consecutive extractions containing signals corresponding to the detection of a particle. The ETSP mode was set to have three regions of interest (ROI), which is a continuous range of mass-to-charge values having signals associated with particles of interest. ROI1 was set to m/z 43 (C 3 H 7 C , hydrocarbon particles) with an event trigger level of 2 ions/extraction, ROI2 was set to m/z 46 (NO 2 C , nitrate particles) with an event trigger level of 1.5 ions/extraction, and ROI3 was set to m/z 48-150 (sulfate and organic particles) with an event trigger level of 4 ions/extraction. These regions of interest were selected to measure both the ship plume and marine ambient particles. Single-particle measurements were analyzed by Tofware version 2.5.3.b (developed by TOFWERK and Aerodyne Research, Inc.) and cluster analysis panel (CAP) version ETv1.2a (developed by Alex Lee and Megan Willis, National University of Singapore and University of Toronto). The HR-ToF-AMS was operated under a 5-min mode switching cycle (V-mode, 2-min; ETSP-mode (UMR), 2-min; W-mode, 1-min).
The organic functional groups of submicron atmospheric particles were measured using Fourier transform infrared (FTIR) spectroscopy. Atmospheric particles were sampled on 37-mm Teflon filters using a 1-mm sharp-cut cyclone at a flow rate of 16.7 lpm. Secondary Teflon filters placed in-line behind the sampling filters were used as a measure of sample contamination or artifacts and contained negligible organic mass. Samples were then frozen and transported to the laboratory for FTIR spectroscopy analysis. All samples were kept in a humidity-and temperature-controlled room (RH D 35-45%, Temp D 20 C) for at least 24 h prior to the analysis. Functional groups associated with carbon bond types, including alkane groups, alkene or aromatic groups, alcohol groups, carboxylic acid groups, carbonyl groups, and amine groups were characterized based on the absorbance of infrared wavelengths by each sample using Tensor 27 spectrometer (Bruker Optics). An automated algorithm including baselining, peak-fitting, and integration was used to interpret the FTIR spectrum from each filter (Russell et al. 2009; Takahama et al. 2013 ). The micromoles of alkene, aromatic, organonitrate, organosulfate, and carboxylic acid functional groups were below detection limit for all samples. The FTIR spectra are background-subtracted and normalized to air volume and CO 2 concentration.
Ship operations for aerosol sampling
During the 2014 and 2015 cruises, the chemical composition of the emissions were measured using the "plume intercept" method, i.e., by heading the bow of the ship directly into the wind so that the stack emissions are blown aft into the inlet of the aerosol sampling van (Figure 1) . Particles in the ship plume were measured approximately 20 m downwind of the vessel exhaust stack, with relative wind speeds of 2-20 m s ¡1 providing 1-10 s for dilution and cooling before sampling by the van.
The "fresh" plume measurements are those measured traveling upwind so that the plume was diluted and cooled by mixing with ambient air but typically less than 10 s of mixing time in the atmosphere. The intercepted plume had temperatures indistinguishable from surrounding air but elevated CO 2 , with measured CO 2 concentrations indicating dilution from stack conditions by factors ranging from 50 to 100. For the engine cycle sampling of fresh emissions, the ship engine was operated at constant engine speed, with 1-h operation each at 700, 1000, 1300, and 1600 rpm.
The "aged" plume was sampled by steaming crosswind for 10 min then turning approximately downwind to follow the plume. By approximately matching the wind and ship heading, the crosswind 10-min track of emissions could be sampled nearly continuously for 1-3 h, similar to the E-PEACE measurements Wonaschutz et al. 2013) . Since the ship speed was slightly ahead of the wind, the current fresh emissions from the stacks were not intercepted by the sampling van. The criterion used to determine when the sampling inlet was considered to be in-plume was a particle concentration above 2000 cm
¡3
, which was more than twice the background concentration of the surrounding air. To ensure that the ship remained in the plume, the CPC display was relayed to the bridge of the ship, allowing real-time course corrections.
Results and discussion
The overall organic aerosol mass concentrations of HDRD and ULSD emissions are similar, consistent with the similar elemental compositions and cetane indices of the fuels . The chemical composition and size differences between emissions for the two fuels are highlighted in the following sections.
Elemental ratios of organic particles from engine emissions
Atomic oxygen-to-carbon (O/C) ratios are a measure of the oxidation state of organic aerosol. Aiken et al. (2008) found that ambient urban O/C ranged from 0.2 to 0.8 with lower O/C for primary emissions while atomic hydrogen-to-carbon (H/C) ratios ranged from 1.4 to 1.9 with higher H/C for primary emissions. The elemental ratios indicate that during the times when the van was sampling ship engine emissions (for either HDRD or ULSD), the aerosol particle emissions consist of highly reduced organic components, consistent with fossil fuel hydrocarbons with very low fractions of oxygen or other heteroatoms (Aiken et al. 2008) . Typically, the fresh ship emissions had elemental ratios of O/C D 0.04 § 0.001 and H/C D 1.94 § 0.003. Recent improvements to the HR-ToF-AMS fragmentation table corrections used for ambient elemental ratio analysis (Canagaratna et al. 2015) were applied to this dataset. The elemental ratios for the fresh ship emissions using the "improved ambient" method were O/C D 0.05 § 0.002 and H/C D 2.10 § 0.003. These metrics are consistent with most of the organic mass consisting of C n H 2n molecules, which is a mixture of saturated alkanes (C n H 2nC1 ) and monounsaturated alkenes or cyclic alkanes (C n H 2n¡1 -C n H 2n¡3 ). A large number of the alkane groups are likely present in chain lengths of 23 or more carbons, since shorter hydrocarbons would preferentially remain in the vapor phase due to their higher vapor pressure (Fraser et al. 1997) . In contrast, the background, marine aerosol nonrefractory organic composition is more oxidized with more variability in the elemental ratios. Typically, the background aerosol had elemental ratios of O/C D 0.5-0.8 and H/C D 1.2-1.3. During times of consistent plume or marine ambient sampling, the elemental ratios are constant. The elemental ratios change rapidly when the sampling inlet moves in and out of the plume. The time series of the elemental ratios over both cruises is shown in Figure S1 (see the online supplemental information [SI]).
3.2. Differences in particle organic composition with fuel type and engine speed
The organic mass spectra obtained by the HR-ToF-AMS for both fuels at different engine speeds are shown in Figure 2 . Comparisons between the different spectra were obtained through linear regression analysis. Similarities between spectra were also calculated using the normalized dot product method (Marcolli et al. 2006 ). The spectra were normalized by dividing the m/z peak intensities by the square root of the sum of the squares of the individual peak intensities. The normalized spectra then represent vectors. The dot product is the cosine of the angle between the two vectors. A value of 0 means the spectra are orthogonal, while a value of 1 means the spectra are identical. The linear regression equations, r 2 values, and dot product values for each comparison are summarized in Table 1 . To better illustrate the variations between each of the fresh and aged spectra, the organic mass spectra were normalized to the total intensity and then subtracted from each other to form difference spectra (Figure 3) . The mass spectra are quite similar between each engine speed for both fuels (Figures 2a-d) . The spectrum for fresh HDRD (700 rpm) correlates well with the fresh ULSD (700 rpm) spectrum (r 2 D 0.998; DP D 0.9990). This could be due to a similar chemical makeup between the two fuels. Additionally, it has been shown that lubricating oil can dominate emissions from motor vehicles (Worton et al. 2014 ). There is a small difference between HDRD and ULSD emissions, namely there is a more abundant hydrocarbon series in the ULSD mass spectra (m/z 43, 57, 71) (C n H 2nC1 ) than in the HDRD mass spectra (m/z 41, 55, 69) (C n H 2n¡1 ). These differences are Figure 2 . Background-subtracted HR-ToF-AMS organic mass spectra for fresh HDRD and ULSD emissions at 700 rpm engine speed (a-b), fresh HDRD and ULSD emissions at 1300 rpm engine speed (c-d), and aged HDRD and ULSD emissions (e-f). HR-ToF-AMS spectra from the 2015 cruise were used for the analysis. more clearly seen in the difference spectrum (Figure 3a) . At higher m/z (>80), there are a greater number of possible fragment ions contributing to each m/z, including cyclic fragments (C6C). Therefore, the trends shift to less saturated fragments at higher m/z (C n H 2nC1 ! C n H 2n¡1 and C n H 2n¡1 ! C n H 2n¡3 ).
The correlations between the 700 rpm and 1300 rpm engine speeds for both HDRD and ULSD (Table 1) show considerable similarity in the spectra (r 2 D 0.997 and 0.990, respectively; dot product D 0.9987 and 0.9956, respectively). The difference spectra between the 700 rpm and 1300 rpm engine speeds (Figures 3c and d) show more saturated n-alkane and branched alkane m/z peaks (C n H 2nC1 -C n H 2n¡1 ) in the 1300 rpm spectra and more cycloalkane m/z peaks in the 700 rpm spectra (C n H 2n¡1 -C n H 2n¡3 ). This suggests a greater concentration of lubricating oil in the emissions at lower speed, as lubricating oils have higher concentrations of cycloalkanes compared to fuel (Tobias et al. 2001) . There is an increase in higher (m/z > 55) peaks at 1300 rpm compared to 700 rpm for ULSD. These results indicate a shift in concentration of the hydrocarbon components of the organic aerosol, consistent with higher relative amounts of longer chain hydrocarbons at the higher engine speed (1300 rpm) and more unburnt lubricating oil components at lower engine speed (700 rpm) (Cross et al. 2015) .
Event trigger (ET) single-particle measurements were analyzed by a k-means clustering analysis using the cluster analysis panel (CAP) developed by Lee et al. (2015) in IGOR Pro (WaveMetrics Inc., Portland, OR, USA). Particles with dry vacuum aerodynamic diameters between 30 nm and 1000 nm with signal thresholds above 4.5 ions were defined as "real particles," and Figure 3 . Difference spectra of the background-subtracted HR-ToF-AMS mass spectra (normalized to total intensity) between HDRD and ULSD emissions (a-b), emissions at 700 and 1300 rpm engine speeds for both fuels (c-d), and fresh and aged emissions for both fuels (e-f). The shift of greater m/z 28 and 44 (CO and CO 2 fragments) from 1300 rpm in HDRD to 700 rpm in ULSD is an artifact of background subtraction.
particles below 30 nm or larger than 1000 nm were defined as background signal as shown in Figure S2 . The measurements used for clustering included several HDRD and ULSD engine cycles as well as six 1-h marine background sampling times. The clustering solution with nine clusters (classes of particles) was determined to best fit the data set mathematically by minimizing the Euclidian distance between clusters ( Figure S3 ; Lee et al. 2015) .
To provide physical meaning to the particle classes, some of the clusters needed to be recombined according to the procedure outlined in Lee et al. (2015) , resulting in four distinct particle classes in this study. The single-particle mass spectra and number of particles in each class are shown in Figure 4 . Two of the particle classes have compositions similar to hydrocarbon-like organic aerosol (HOA, Zhang et al. [2011] , Figures 4a and b) . HOA class 1 is dominated by C n H 2nC1 fragment ions (m/z 43, 57, 71) consistent with diesel vehicle emissions, while HOA class 2 is dominated by C n H 2n¡1 fragment ions (m/z 41, 55, 69), which are typically observed in cooking emissions (Mohr et al. 2009 ). The final two particle classes (Figures 4c and d) include a sulfate class (m/z 48, 64, 80, 81, 98) and an oxygenated organic aerosol (OOA) class (m/z 44), both of which were present in the marine background aerosol measured outside of the plume. The fraction of diesel-like HOA particles (class 1) is greater than the fraction of cooking-like HOA (class 2) for both fuels. However, the fraction of the cooking-like HOA (class 2) particles is greater in the HDRD emissions (44.5 § 1.6%) than in the ULSD emissions (37.7 § 1.4%). This is consistent with the results observed in the organic mass spectra difference plots (Figure 3a) . While the differences are modest, they are statistically different (Result of t-test assuming equal variances: t-statistic (2.078) > t-critical two-tail (2.073) at 95% confidence level). Since HDRD uses vegetable and animal oils as feedstock, the similarity of its particles to cooking-like particles is expected (He et al. 2004; Mohr et al. 2009 ). The single-particle analysis provides a way to track the relative contributions of these cooking-type components in the particle emissions.
For comparison purposes, positive matrix factorization (PMF) was applied to the high-resolution organic mass spectral data. Generally, PMF agreed well with the k-means clustering results. Three organic factors were separated with the PMF analysis, including two HOA factors and one OOA factor. The OOA factor correlated well with the clustering OOA class (r 2 D 0.850). The HOA factor 1 contained the C n H 2nC1 hydrocarbon series and correlated well with the clustering HOA class 1 (r 2 D 0.866). The HOA factor 2 contained the C n H 2n¡1 hydrocarbon series and although the lower m/z (<70) correlated well with the clustering HOA class 2, the higher m/z shifted to more unsaturated hydrocarbon peaks which lowered the overall correlation (r 2 D 0.413). The ability of PMF and k-means clustering to distinguish two chemical components indicates a chemically heterogeneous mixture within the ship emissions.
Applying single-particle cluster analysis to individual engine cycles provides the fraction of particles in each Figure 4 . HR-ToF-AMS event trigger single-particle cluster mass spectra for the 2015 cruises. Four distinct particle classes were observed, including two hydrocarbon organic aerosol classes (a, b), a sulfate class (c), and an oxygenated organic aerosol class (d). The number of particles (N P ) for each particle class are shown.
class for each engine speed ( Figure 5 ) and shows the differences in the hydrocarbon composition between the two fuels. There is consistently a greater fraction of cooking-type HOA (class 2) in the HDRD emissions than in the ULSD emissions at all speeds. For the engine cycles, the fraction of total particles with HOA-like composition decreases with increasing speed. At higher speeds, more marine-background-type particles are observed mixed with plume particles, likely the result of the faster relative speed of the vessel making it more difficult to continuously intercept the plume for the 2-min duration of each AMS measurement. The repeatability of particle-type Figure 5 . HR-ToF-AMS event trigger single-particle cluster analysis results for HDRD and ULSD emissions at 700, 1000, 1300, and 1600 rpm engine speeds as well as aged emissions, and marine background. The bars indicate the fraction of each identified particle class to the measured particle number. Four complete engine cycles (700-1600 rpm) were averaged for HDRD with whiskers showing the variability between cycles for each fraction. One complete engine cycle is shown for ULSD. The aged plume tests were divided into 1-h measurements (HDRD-4 h, ULSD-2 h). Marine ambient is the average of six separate 1-h marine background measurements. Individual measurement results are provided in Figure S4 in the SI. ET collection efficiency (CE) is likely particle-type-dependent. Therefore, the results are not CE-corrected. Figure 6 . HR-ToF-AMS organic aerosol size distribution profiles for HDRD (9/30/14 and 9/26/15) and ULSD (10/1/14 and 9/5/15) emissions at different engine speeds. (Five-pass binomial smoothing was applied to the size distribution data.) distribution at each engine speed over multiple HDRD engine cycles confirms the trend of decreasing HOA particles with increasing engine speed.
Small differences in the mass spectra are consistent with small differences in the size distributions of the organic mass concentrations at different engine speeds (Figure 6 ). Two size modes are observed at 1000, 1300, and 1600 rpm, and there is an increase of the mean diameter of the smaller organic particle mode with decreasing engine speed (45 nm at 1600 rpm to 80 nm at 700 rpm). The second size mode remains at »100 nm for HDRD and »130 nm for ULSD. At the lowest engine speed (700 rpm), the smaller size mode may be indistinguishable from the second size mode. The shift in smallparticle mode to larger diameters and lack of separate small-particle mode at lower engine speeds is consistent with particle mobility size distributions reported in Betha et al. (2017) . These observed differences in size distribution were consistent for all of the engine cycles for HDRD and ULSD.
FTIR spectra for plume emissions are shown in Figure 7 . The plume samples show two distinct hydrocarbon peaks at 2800-3000 cm ¡1 for all engine speeds and fuels. These absorption peaks are due to C-H stretching in methyl and methylene groups (Stuart 2004) , and the sharp and parallel double peaks are consistent with hydrocarbon chains longer than ten carbons. For the HDRD cycle, the hydrocarbon peak absorbance increases with decreasing speed. The ULSD cycle follows the same trend with the exception of the 700 rpm sample. The ratio between the two methylene peaks at 2850 and 2930 cm ¡1 in the HDRD cycles is very consistent for fresh emissions at all speeds at 1.65. The ratio is slightly greater for the ULSD emissions at 1.85, consistent with small differences in the alkane carbon number distribution of the two fuel emissions.
3.3. Changes in particle organic composition with plume aging
The organic mass spectra from the aged emissions of HDRD and ULSD (Figures 2e and f) appear similar to the fresh emissions. There is a good correlation (Table 1) between the fresh (700 rpm) spectra and the aged emissions spectra for both HDRD and ULSD (r 2 D 0.980 and 0.901, respectively; dot product D 0.9909 and 0.9545, respectively) indicating only slight changes in chemical composition after the 1-4 h of atmospheric aging. The difference spectra (Figures 3e and f) show that the aged emissions of HDRD and ULSD contain higher relative amounts of alkene or aromatic fragments (C n H 2n¡3 to C n H 2n¡13 ) (Canagaratna et al. 2004; Chirico et al. 2010) Figure 7. FTIR spectra (background subtracted and normalized to CO 2 concentration) for PM 1 size cutoff samples of HDRD (9/26/15) and ULSD (9/5/15) emissions at 700, 1000, 1300, and 1600 rpm engine speeds. Shaded areas denote absorption peak locations for different functional groups.
compared to the fresh emissions, which contain higher relative amounts of saturated alkane, cycloalkane, and monounsaturated alkene fragment ions (C n H 2nC1 to C n H 2n¡3 ). This increase in aromatic fragments with aging is seen for both the aged HDRD and aged ULSD, although there is slightly more hydrocarbon-like aerosol in the aged HDRD emissions compared to the ULSD emissions (Figure 3b) . One explanation for the reduction in the relative number of alkane groups is that as the plume is diluted further, with in-plume DCO 2 being twice as large in the fresh plume compared to the aged plume, the gas to particle equilibrium shifts some of the semi-volatile alkane hydrocarbons back to the gas phase. Simultaneous to this dilution and phase partitioning effect, unsaturated and polycyclic aromatic hydrocarbons (PAH) in the vapor phase emissions may oxidize to form lower vapor pressure compounds that partition to the particle phase. The combined result of the decrease in saturated hydrocarbons due to evaporation and increase in alkene or aromatic fragments due to photochemical oxidation could explain the observed result. The possible reduction in alkane groups by heterogeneous oxidation on the particles was ruled out due to the short time (1-4 h) available in the atmosphere ).
The single-particle cluster analysis ( Figure 5 ) confirms that the combination of dilution and chemical reactions reduced the HOA classes from about 90% of the total particle number in the fresh 700 rpm emissions to only 30-40% of the total particle number in the aged emissions. The remaining 60-70% of the particle number was composed of sulfate and OOA class particles from the marine background. The cluster analysis (nine-cluster solution) did not separate out the HOA class-2 in the aged HDRD tests. This low particle count for HOA class-2 relative to HOA class-1 likely results from removal of class 2 by atmospheric processes (dilution/ reaction) during aging.
Summary
The organic chemical composition of aerosol particles from ULSD and HDRD emissions are similar. This could be due to a similar chemical makeup between fuels in addition to a large contribution from lubricating oil. The HR-ToF-AMS mass spectra contain hydrocarbon fragmentation patterns (m/z 41, 43, 55, 57, 69, 71, 83, 85, 95, 97, and 109) , the FTIR spectra show sharp hydrocarbon peaks at 2800-3000 wavenumbers, and in-plume HRToF-AMS elemental ratios are consistent with C n H 2n fragments (H/C D 1.94 § 0.003, O/C D 0.04 § 0.001), which indicates the ship exhaust is mainly composed of alkane-like hydrocarbons. There were small differences observed in the HR-ToF-AMS mass spectra and FTIR absorbance spectra between the two fuels. The HR-ToF-AMS single-particle mass spectra showed two HOA-like particles (diesel-type HOA class 1 D m/z 43, 57, 71, and cooking-type HOA class 2 D m/z 41, 55, 69). The cooking-type HOA (class 2) particles were more abundant in the HDRD emissions than in the ULSD emissions.
The hydrocarbon peak ratio in the FTIR spectra was slightly different between HDRD and ULSD emissions (1.65 and 1.85, respectively), likely resulting from differences in the carbon number distribution of hydrocarbons in the two fuels. The HR-ToF-AMS particle size distribution showed smaller particle diameters for HDRD compared to ULSD, with both fuels showing changes in particle sizes for different engine speeds. In general, particle diameter increased with decreasing engine speed, but this trend was more consistent for ULSD than HDRD.
The comparison of fresh and aged HR-ToF-AMS spectra shows that aged particles had a higher ratio of aromatic to alkane fragments for both HDRD and ULSD. For example, the ratio of m/z 53 (C 4 H 5 ) to m/z 57 (C 4 H 9 ) was 25% higher in aged plumes compared to fresh emissions. The increase in the relative number of aromatic groups (or equivalently the decrease in the relative number of alkane groups) suggests that aromatic fragments condensed from the vapor to particles after the fresh emissions were measured, requiring additional time for oxidation to form lower volatility compounds. Dilution of the plume during aging may have shifted some of the semivolatile alkane hydrocarbons back to the gas phase. Further studies are needed to specifically identify the processes involved in aging and to better assess the robustness of these results in different conditions.
